1024 x 1024 - westerndiatoms.colorado... [l -

Argonne and University of Chicago
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Genomic sequencing
output x2 every 9 month
>300 public centers

GENOMICS
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Total number of genomes

USD per MB

Bacterial and archeal genome sequences submitted to Genbank

Cost to sequence one million nucleotides

Time

Time

USD per genome

©

Cost to sequence one human genome

Time



“ Million Plant & Animal Genomes Project

" Million Human Genomes Project

B

lon Microecosystem Genomes Project




Next Generation Sequencing
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Analogy

* How we assemble
— Pattern
— Grammar

* DNA sequence
— AGATTCATAG - ???

— We don’t fully
understand the
language yet

EE

BRITISH ACADEMY
FILM AWARDS




The Sequence Assembly problem

e Reconstructing contiguous DNA regions (contigs)
from a set of short sequences (reads, kmers)

| TTACGATGATCGGATCGGCTCGAGCTCGGC Jovvveveess
{11

ACCATCGGCTTAGGATTACGATGATCGGATCG pevresrssssrsserssasrnannannnnns

Genome is assembled from
overlapping, matching sequences.

e ——
- e
T —— ]
_.r———— —
e
— - - - - -
gap assembled region

(Gilchrist, 2010)



Sequencing

Raw reads

Assembly

Contigs

Feature Prediction

Genes, RNA

>

Anno

tation

Functional

Assignment

Comparative Analysis

Protein families

Evolutionary Analysis

Alignments,

Trees
Domains,
Profiles

l

Microbial Genome
Analysis Pipeline

—

. ...AGCCTAGACCTACA
Read cleaning

CGCATATCCGGT...
De novo assembly

Assembly validation

ORF prediction, rRNA & tRNA prediction dd WcCEacT
Gene model building L

' i OIOTOTOIOK
Universal genes: reverse profile search VAAVAATAvATAvA
: : *“‘*“W
Homology search: by signature or alignment
Chromosomal clustering e
Protein families: existing and new AT A A
Structural analysis T P

¥exCFIVE
KCFIVG,
¥PKCFIVG

------- MPREDRATWKSN YFLKIIQLL
-------MPREDRATWKSN YFLKIIQLL
~===---MPREDRATWESN YFLKIIQLL

~------MSGAG- SKREKLFIEKATKLFTT¥DKMIVAE,
------- MSGAG-SKRENVFIEKATKLFTT ¥DKMIVAE
= ==----MAKLSKQQKKQMYIEKLSSLIQQ¥SKILT Vi
~MIGLAVTTTKKIAKWKVDEVAELT BKLKTHKT LXXAN

Multiple Sequence Alignment
Phylogenetic trees <
Profiles for protein families/domains
Orthorlogs and paralogs

Horizontal Gene Transfer

MRIMAVITQERKIAKWKIEEVKELEQKLREXHT IXIA
MKRLALALKQRKVASWKLEEVKELTELIKNSNT ILIGN
(SLVEOMYKREKP IPEWKT LMLRE LE BLFSKRVVLFAD



“We know more about the movement of celestial bodies
than about the soil underfoot.”

- Leonardo DaVinci, circa 1500




".Microbial Universe

1 kilogram of soil % e XL St g 3 ¥ Stars i in the Galag<y
1013 microbial ceIIs (1030 for the entlre Earth) B L 104 :
. Most (>99%) have never~been cultlvated and the1r g Stars in the Unlverse
* e : - 1024

. propertles are UﬁkﬂOWﬂ vi

o There are a million times-as

‘ many. mlcrobes on earth as
3 % ool - stars in the known universe
- - - ; ‘:; 5 " ]
. Microbes are respon5|ble for e i

fundamental life processes on a global

* scale, they under pin the Earth’s

ecosystems and control cycllng of C, N ‘- ;'
P and other nutrlents- s



How many kinds?
Where are they?
Where do they come from?

What are they doing?



Metagenomics

* DNA sequence information is extracted from entire
samples in situ

* 1039 microbial cells on earth, 99% unculturable

* Ecology

DeUNNENLS ~ =
As: 87 mg/L 0 b
Fe: 625 mg/L y -

pH: 3.5

o Noy A po >
As(V)  Fe(l) Fe(lll)
solubleg

Fe(ll)
Tooeleite ( b ﬁ Fe(ll)
no acids Dox/Hdr/Sq
an a K

soluble

(Bertin et al, 2011)



Sequencing the Environment

Metagenomic data collection

Em m“mm!ﬂtﬁ
—— Sequence e - chrsnsi

fragnients

Associating fragments

to taxonomical groups
-

Corrie Mareau, Tre ant microbiome - Brani
3 Eh* " - e

Assembly of most abundant microbes into complete genomes



Metagenomics

Sequencing

Raw reads

Quality Control

Clean reads

>

Phylotyping

Abundance
profile

Binning

Reads in
Tax. groups

Assembly

Contigs

Feature Prediction

Genes, RNAs

Annotation

Functional
assignment

!

Metagenomic Pipeline

Filtering, trimming, dereplication
Adapter removal
Model organism screening

Global
Extinction dispersal

V]

Active \ Y

growth Death  Immigration
Predation, x

xy % viral lysis \
\

Individuals (N)

K-mer analysis
Species diversity estimation

Abundant -«——— Taxon rank ———— > Rare

Probabilistic inference BN it i~V g
| |, Green nonsulfur bacteria
Homology search w——y & Y i
ClUSte ring Protozoa - -"" //\‘ Spirochaetes
Crenarchaeota T 'i: A
Nanocarchaeo 53 Cyanot::c.ﬂm:n
Euryurduo:h = \i\».i\-Thmllc i
= R sulfate-reducers
De novo metagenome assembly 7T acaosactr
ORF prediction, rRNA & tRNA prediction .

Gene model building u

10

Universal genes: reverse profile search

Homology search: by signature or alignment / .
Chromosomal clustering /]



Assemblying Metagenomes




Kiki: a Parallel k-mer Indexing Engine
for Metagenome Assembly

* Parallel library implemented in C with MPI
* Majority of nodes used for indexing sequences
e Efficient hash table allows for fast queries

* Advantages of Kiki assembly
— Greedy algorithm provides most important results first
— avoids O(n?) computation
— uses distributed memory

— supports job persistence



Kiki
[1] GTAATTGCCATCGGTTGTACGGGTGG (SEED seq)
[2] TAATTGCCATCGGTTGTACGGGTGGA

[3] AATTGCCATCGGTTGTACGGGTGGCG
[6] AATTGCCATCGGTTGTACGGGTGGAC

[4] ATTGCCATCGGTTGTACGGGTGGGCA
[9] ATTGCCATCGGTTGTACGGGTGGACA
10 T T T T T T T T
[5] TTGCCATCGGTTGTACGGGTGGGAAA 5952 cores ——=—
[8] TTGCCATCGGTTGTACGGGTGGGCAA 9 b -
[10] TTGCCATCGGTTGTACGGGTGGACCA ;ggggg--

bhillion reads
o

0 10 20 30 40 50 60 70 80 S0 100

hours




[1]  GTAATTGCCATCGGTTGTACGGGTGG (Seed) Hashin

TAATTGCCATCGGTTGTACGGGTGGA Read

AATTGCCATCGGTTGTACGGATGGAC | k-mer l
AATTGCCATCGGTTFTACGGGTGQCG \ I\ - J
prefix remaining bases

GTACGGGTGGACTGCAGCTAGCGTGA

O0ld consensus

GTAATTGCCATCGGTTGTACGGGTGGACTGCAGCTAGCGTGA

| | el
o TACGGGTGGA. s v e v v usnsnsnsa .
§ ACGGGTGGAC. v s e v nasnnnnns L.
 CGGGTGGACT .+ v vuvnsnsnss e
New queries -—= |
(moving prefix)
- GCTAGCGTGA. 4 vvvsnsnsnnnns
getPrefixSeqs( query = TACGGGTGGACTGCAGCTAGCGTGA,
minOverlap = 10,

maxMismatch = 0.05 )



1330 molec. bio databases
Nucleic Acids Research (96 in Jan 2001)
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2013 Costs of Alzheimer's =
$203 Billion

Gy

BOEBATE T -

o &

TOWARDS
IN'SILICO
Riediilain N

It is the only cause
of death among the
top 10 in America
without a way to

prevent it, cure it or
even slow its

progression.

1in 3 seniors dies with
Alzheimer’s or another
dementia.



On the allelic spectrum of human disease
David E. Reich and Eric S. Lander

Human disease genes show enormous variation in their
allelic spectra; that is, in the number and population
frequency of the disease-predisposing alleles at the loci.
For some genes, there are a few predominant disease
alleles. For others, there is a wide range of disease
alleles, each relatively rare.

Reich and Lander’s 2001 paper on the possibility of
Genome Wide Association Studies or GWAS

By 2007 there were many studies underway
By 2013 over 1,700 published GWAS studies



Complex Genetic Diseases

Alzheimer’s 39 g Huntington Disease

— 5M#4 $200B

Single Gene Complex Genetic Disorder

“Neither Necessary nor Sufficient”
Model - Three Genes

A =0.9999 = Normal allele A=DRD4non-TR =088 B =095 C =005
a =0.0001 = Disease allele a=DRD4 TR =0.12 b=005 ¢=005
a/x = 0.0002 = Disecase frequency a’x =0.22

Parkinson’s 196 beise i

— 1IM%S25B

Diabetes 62
—27M % $1748B

Autism 8 €
_ 2m* $608

Assuming Independent Assortment

(@) (b/x) = 0.02 |

(@x)e/x) = 0.02 7~ Disease frequency = 0.05
(b ey =0.01

S000-fold increase in a allele

frequency

2-4-fold increase in a, b, ¢ allele frequency

Current GWAS methods consider single SNPs in a linear
Additive fashion. Limits due to method, study design,

Assay cost and and computing power.

With increases in sequencing capability and computing
capability it will be possible to dramatically increase the
power of GWAS studies for complex genetic diseases
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Phase 1: NGS data processing Phase 2: Variant discovery and genotyping

——— Typically by lane

Input Raw reads
BWA Mapping
G AT |TOCG|

realignment

; Duplicate
Picar marking

GAT Base. qua_lity

recalibration

Output Analysis-ready | _ _ _ _
‘ reads ’

. ® ® ® O O O O O O O T O O T VOO eSS eSS eSS e s e e e e e e e e

——Typically multiple samples simultaneously but can be single sample alone

. Sample 1 coee Sample N
reads reads
L ]

GATK/samtools

GATK/samtodls

Indels

GenomeSTRIF

Structural
variation (SV)

Phase 3: Integrative analysis

Raw

indels

Raw Raw
SNPs SVs

External data

A

Pedigrees

Population

structure

Variant quality
recalibration

Known
variation

Known
genotypes

GATK

BEAGLE
JOINT CALLER




g ol g Population resources -

L Mge triosor case-control samples
e —— . At——t ] Mtaietadi iy Pl it - /———\
N
Whole-genome genotyping GWAS Research Clinical
Database Database Database
A /——\
Genome-wide association ( )
Statistical | ___ | Quality
Analysis Control Knowledge
Fine mapping Database
Gene mining Filter Wrapper
Algorithms Algorithms
Gene sequencing & | |
polymorphism identification
Computational
Modeling
Identification of causative SNPs
}
— Interpretation =
¥
Pathway analysis & New Knowledge —_—

target identification




11 new loci Implicated in Alzheimer’s from

—log,, (P)
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a meta-analysis of 54,162 individuals
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Nature Genetics published online 27 October 2013; doi:10.1038/ng.2802



Published Genome-Wide Associations through 12/2012
Published GWA at p<5X10°® for 17 trait categories

1,738 studies as of Nov 8" 2013

@ Digestive system disease

@ Cardiovascular disease

@ Metabolic disease

(© Immune system disease

O Nervous system disease

@ Liver enzyme measurement

(© Lipid or lipoprotein measurement
O Inflammatory marker measurement
O Hematological measurement

@ Body measurement

@ Cardiovascular measurement

NHGRI GWA Catalog ) O reray
T www.genome.gov/GWAStudies O copenterces
Wmma.mm www.ebi.ac.uk/fgpt/gwas/ EMBL-EBI:

@ Other disease
@ Other trait
Institute




Pair-HMM is the biggest culprit for the
low performance

Runtime %

NA12878 80xWGS chromosome 20 haplotype caller run
Chr20 time: 5.6 hours
WGS time: 7.6 days




Sandbox Performance comparison

Data: NA12878 80xWGS chromosome 20

Hardware Runtime Improvement

(seconds) (fold)

GPU NVidia Tesla K40 160 67X

GPU NVidia GeForce GTX 480 190 56x

GPU NVidia GeForce GTX 670 288 38X

FPGA Convey Computers HC2 834 13x

- Java (gatk) 10,800 -

* Reported by Intel - unreleased hardware



Sandbox Performance comparison

Data: NA12878 80xWGS chromosome 20

Hardware Runtime Improvement

' ] 1\ e 1 2N
(C LS VITIVEY] \ivivy

Intel Xeon 24-core*®

NVidia Tesla K40

NVidia GeForce GTX Titan
GPU NVidia GeForce GTX 480 190 56x
GPU NVidia GeForce GTX 680 274 40x

Intel Xeon 1-core*®

Convey Computers HC2

C++ (baseline)

Java (gatk)




Computational Characteristics of
Bioinformatics Analyses

e Compute-intensive, small to moderate data

— Similarity search, alighment, trees, metabolic
modeling, protein folding, molecular docking, GWAS

e Data-intensive, big data
— Short read mapping, NGS error correction, kmer
counting, phylogenetic binning, variation analysis
 Compute-intensive, big data

— Assembly, network analysis, all-to-all similarity,
inferencing over multiple data types

* Tradeoffs: speed, memory, quality



Big Data Challenges for Bioinformatics

* New types of methods and new algorithms
— From O(N?) = O(N log N) = O(N) = O(K)
— Non-alignment methods and streaming

* New types of Infrastructure bringing biological
data and computing together
— Users need to have an environment where they don’t
need to move the data to work
e Ability to share methods, protocols, tools and
insights leveraging social networks

— Enable the best methods to win regardless of where
they come from



¥ KBASE

DOE Systems Biology Knowledgebase

Knowledgebase enabling predictive systems biology.

* Powerful modeling framework.

 Community-driven, extensible and scalable open-source software and
application system.

* Infrastructure for integration and reconciliation of algorithms and data sources.
* Framework for standardization, search, and association of data.

* Resource to enable experimental design and interpretation of results.
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Thank You for Listening
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